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GRAPHICAL  ABSTRACT 


►  To  realize  an  unassisted  water 
splitting  system,  the  photoanode 
and  dye-sensitized  solar  cell  tandem 
structures  are  tried. 

►  Vertically  aligned  CdS  sensitized 
Ti02  nanorod  arrays  are  grown  on 
transparent  conducting  oxide 
substrate. 

►  Electrodeposition  and  spray  pyrol¬ 
ysis  deposition  of  CdS  nanoparticle 
sensitization  are  carried  out. 
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ABSTRACT 

The  present  work  reports  fabrication  of  vertically  aligned  CdS  sensitized  Ti02  nanorod  arrays  grown  on 
transparent  conducting  oxide  substrate  with  high  transparency  as  a  photoanode  in  photoelectrochemical 
cell  for  water  splitting.  To  realize  an  unassisted  water  splitting  system,  the  photoanode  and  dye- 
sensitized  solar  cell  tandem  structures  are  tried  and  their  electrochemical  behaviors  are  also  investi¬ 
gated.  The  hydrothermally  grown  Ti02  nanorod  arrays  followed  by  CdS  nanoparticle  decoration  can 
improve  the  light  absorption  of  long  wavelength  light  resulting  in  increased  photocurrent  density.  Two 
different  techniques  (electrodeposition  and  spray  pyrolysis  deposition)  of  CdS  nanoparticle  sensitization 
are  carried  out  and  their  water  splitting  behaviors  in  the  tandem  cell  are  compared. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  the  importance  of  clean  and  renewable  energy  production 
has  been  on  the  increase,  worldwide  research  has  been  focused  on 
the  energy  conversion  devices  such  as  photovoltaics,  batteries  and 
fuel  cells.  Since  the  photoelectrochemical  (PEC)  splitting  of  water 
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with  a  titanium  dioxide  (Ti02)  semiconductor  reported  by  Fujish- 
ima  and  Honda  [1],  solar  hydrogen  generation  is  considered  one  of 
the  best  ways  of  energy  production  due  to  the  infinite  amount  of 
solar  energy  and  water  without  emission  of  pollutants.  Since  then, 
many  studies  have  been  reported  on  solar  water  splitting  based  on 
various  kinds  of  materials,  especially  metal  oxides  such  as  Ti02, 
ZnO,  WO3  and  Fe203  [2-9].  Of  the  materials  being  studied  as 
a  potential  photoanode,  Ti02  has  been  considered  the  best  material 
due  to  its  low  cost  and  photochemical  stability  [10,11]. 
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To  achieve  a  better  photoelectrochemical  response  with  these 
materials,  an  extensive  research  has  been  done  on  controlling  its 
nanostructure  [12-17].  Aligned  one  dimensional  (ID)  nano¬ 
structures  such  as  nanotubes,  nanowires  and  nanorods  have 
received  considerable  attention  because  of  their  outstanding  elec¬ 
tron  transport  mobility  [18].  Studies  onTi02  nanotubes  obtained  by 
anodizing  of  Ti  metal  have  been  carried  out  extensively  since  the 
process  is  easier  and  cheaper  than  other  techniques.  In  spite  of  its 
better  physical  property,  there  is  a  limitation  of  application  in 
photoelectrochemical  cell  owing  to  its  opaque  property,  which 
obstructs  the  application  of  the  Ti02  nanotube  arrays  to  the  PEC/ 
dye-sensitized  solar  cell  (DSSC)  tandem  cell  for  unassisted  water 
splitting.  Recently,  Liu  et  al.  reported  the  synthesis  method  for 
single-crystalline  Ti02  nanorods  on  transparent  conducing  oxide 
(TCO)  substrate  using  the  hydrothermal  method  [19].  However,  one 
of  the  limiting  factors  of  this  material  as  a  photoanode  is  its  large 
bandgap,  resulting  photon-absorption  of  only  the  UV  region  of  the 
solar  spectrum.  Fortunately,  coupling  small  bandgap  materials  with 
Ti02  (e.g.,  CdS  [20,21  ],  CdSe  [22-24])  can  extend  light  absorption  to 
the  visible  region.  Following  a  research  paper  written  by  Misra 
et  al.,  CdS  nanoparticles  can  be  synthesized  directly  onto  ID  Ti02 
nanotubes  with  an  electrochemical  method  [25].  Moreover,  our 
previous  paper  reported  about  the  synthesis  of  CdS  nanoparticles 
on  the  surface  of  Ti02  nanotubes  using  spray  pyrolysis  deposition 
which  resulted  in  the  highly  efficient  photoanode  in  PEC  cell  [26]. 

In  this  work,  we  report  on  an  inquiry  on  CdS  nanoparticles 
decorated  Ti02  nanorod  arrays  on  the  TCO  substrate  from  not  only 
the  electrodeposition  method  but  also  the  spray  pyrolysis  deposi¬ 
tion  method,  respectively  (Fig.  1(a)).  The  comparison  study  on  the 
photoelectrochemical  performances  of  each  photoanode  from  two 
different  deposition  methods  was  also  demonstrated.  Furthermore, 
PEC/DSSC  tandem  cell  (Fig.  1(b))  was  fabricated  to  attain  an  unas¬ 
sisted  water  splitting  system,  thanks  to  its  high  transparency. 


2.  Experimental 

2.1.  Synthesis  ofTi02  nanorod  arrays 

The  Ti02  nanorod  arrays  were  fabricated  from  a  hydrothermal 
method  [19].  The  fluorine  doped  tin  oxide  (Sn02:F)  (FTO)  glass 
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Fig.  1.  Schematic  diagram  of  (a)  the  process  used  for  CdS  nanoparticles  coated  on  Ti02 
nanorod  arrays  and  (b)  PEC/DSSC  tandem  cell. 


substrate  had  been  cleaned  by  ultrasonicating  in  acetone, 
isopropanol  and  methanol  for  10  min  each,  followed  by  rinsing  in 
de-ionized  (DI)  water  and  drying  in  N2  gas.  In  a  typical  synthesis 
process,  the  substrates  with  the  buffer  layer  are  placed  within 
sealed  Teflon-lined  autoclaves  (63  mL),  containing  20  mL  of 
hydrochloric  acid  (37  wt%),  20  mL  of  DI  water  and  0.5  g  of  titanium 
isopropoxide.  The  solutions  were  then  heated  at  120  °C  for  11  h. 
After  the  reaction  period,  the  films  were  rinsed  with  DI  water  and 
dried  at  room  temperature. 

2.2.  Deposition  of  CdS  nanoparticles  on  Ti02  nanorod  arrays 

The  depositions  of  CdS  were  performed  by  two  different 
methods  namely  electrodeposition  and  spray  pyrolysis  deposition. 
In  the  case  of  electrodeposition,  0.2  M  CdCl2  and  0.05  M  Na2S203 
containing  aqueous  solution  of  pH  controlled  at  ~2.1  using  0.1  N  of 
HC1  was  prepared  as  a  precursor  solution  [25].  The  synthetic  Ti02 
nanorod  arrays  were  immersed  in  the  heated  solution  at  50  °C, 
applied  voltage  of  -0.8  V  vs.  standard  calomel  electrode  (SCE)  for 
1000  s.  After  the  electrochemical  reaction,  the  sample  was  washed 
with  DI  water,  dried  at  room  temperature  and  sintered  at  500  °C  for 
6  h  in  air  condition.  For  the  spray  pyrolysis  deposition  of  CdS 
nanoparticles,  the  aqueous  solution  of  0.1  M  CdCl2  and  0.1  M 
thiourea  was  used  as  a  precursor  and  the  Ti02  nanorod  arrays  were 
preheated  to  450  °C.  In  that  case,  0.8  mL  of  the  precursor  solutions 
were  sprayed  for  2  s  and  were  left  for  10  s  for  the  formation  of  CdS 
on  the  Ti02  nanorod  layer,  making  this  as  1  cycle.  For  the  sufficient 
incubation  of  CdS  on  the  Ti02  nanorods,  we  repeated  the  spray 
pyrolysis  deposition  process  5  times. 

2.3.  Tandem  cell  fabrication 

An  anatase  single-layered  Ti02  mesoporous  film  was  used  as 
a  photoanode  of  the  DSSC.  A  8  pm  thick  Ti02  nanoparticle  film  was 
coated  on  a  pretreated  FTO  glass  substrate  by  applying  UV  with 
a  100  mM  TiCU  solution.  After  annealing  at  500  °C  for  30  min,  the 
nanocrystalline  Ti02  electrode  was  immersed  in  a  N719  dye  solu¬ 
tion  for  18  h  to  allow  chemisorption  of  the  dye  molecules.  The 
counter  electrode  of  the  DSSC  was  prepared  by  spin  coating  of 
a  H2PtCl6  solution  on  the  back  size  of  FTO  substrate  with  CdS  coated 
Ti02  nanorod  array  and  heating  it  at  400  °C  for  30  min.  Because  FTO 
was  covered  on  each  side  of  the  glass  substrate,  the  generated 
electrons  from  the  CdS  sensitized  Ti02  nanorod  array  can  be  easily 
transferred  to  the  Pt  electrode. 

2.4.  Characterization 

To  examine  the  morphology  of  samples,  field  emission  scanning 
electron  microscopy  (FE-SEM,  JSM-7000F,  Japan)  was  used.  X-ray 
diffraction  measurements  were  carried  out  for  observation  of 
crystalline  phase  with  a  Siemens  diffractometer  D500/5000  in 
Bragg-Brentano  geometry  under  Cu  I<  radiation.  Also,  optical 
properties  are  investigated  using  a  UV-vis  spectrophotometer  (UV- 
2401  PC,  Shimadzu). 

2.5.  Photo  electro  chemical  measurements 

The  electrochemical  properties  were  investigated  using  3- 
electrode  configuration  with  Pt  as  a  counter  electrode  and  Ag / 
AgCl  reference  electrode  (CH  Instruments,  CHI  660)  in  0.35  M 
Na2S03  and  0.24  M  Na2S  aqueous  solution  as  electrolytes.  Linear 
sweep  voltametry  technique  was  used  at  a  scan  rate  of  10  mV  s_1. 
The  working  electrode  was  illuminated  with  a  150  W  xenon  lamp 
based  solar  simulator  (PECCELL,  Yokohama,  Japan,  PEC- 
L01:100  mW  cm-2)  of  which  light  intensity  was  calibrated  using 
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a  silicon  reference  cell  (Fraunhofer  ISE,  Certificate  No.  C-ISE269). 
The  measured  light  irradiance  was  100  mW  cm-2. 

3.  Results  and  discussion 

Fig.  2(a)  shows  a  typical  morphology  of  the  synthesized  Ti02 
nanorod  arrays  on  FTO  substrate.  It  was  found  that  the  top  shape  of 
hydrothermally  grown  Ti02  nanorod  was  square,  and  all  Ti02 
nanorods  were  well  aligned  and  their  average  diameter  and  length 
were  about  55—75  nm  and  400  nm,  respectively.  Also,  we  can  see 
about  50  nm  inter-nanorod  distance  that  can  supply  a  void  for  the 
doping  materials  that  were  determined  from  FESEM  and  TEM 
images  (Figs.  2(b), (c)  and  4(a)).  The  Ti02  nanorods  are  perpendic¬ 
ular  to  the  substrate  and  well  aligned.  Examination  of  selected  area 
electron  diffraction  (SAED)  pattern  shows  that  the  nanorods  are 
single  crystalline  (Fig.  4(b)).  The  Ti02  phase  was  rutile,  which  had 
3.4  A  d-space  as  can  be  seen  Fig.  4(a)  inset  image,  showing  that  is  in 


Fig.  2.  FESEM  images  of  (a)  Ti02  nanorod  arrays,  and  CdS  nanoparticies  deposited  on 
the  Ti02  nanorod  arrays  from  (b)  electrodeposition  method  (c)  spray  pyrolysis  method. 


Fig.  3.  Transmittance  spectra  of  (a)  bare  FTO  glass,  and  hydrothermally  grown  Ti02 
nanorod  arrays  on  FTO  with  (b)  400  nm,  (c)  500  nm  and  (d)  1500  nm  rod  length. 


a  good  agreement  with  the  rutile  TiC^  (110)  lattice  spacing  of 
3.247  A 

Fig.  3  shows  the  transmittance  spectra  of  (a)  a  bare  FTO  glass,  (b) 
the  Ti02  nanorod  with  400  nm  rod  length,  (c)  the  Ti02  nanorod 
with  500  nm  rod  length  and  (d)  the  Ti02  nanorod  with  1500  nm  rod 
length.  The  maximum  transmittance  intensity  of  the  bare  FTO 
substrate  is  about  78%.  As  we  increase  the  Ti02  rod  length,  the 
nanostructure  can  enlarge  the  specific  surface  area  of  Ti02  that  can 
act  as  scaffold  for  the  hybridization  with  low-bandgap  material  to 
increase  the  photon  production.  Flowever,  as  the  rod  length  was 
increased,  the  films  became  opaque.  In  the  view  point  of  conduc¬ 
tion  energy  band  of  Ti02,  the  photogenerated  electrons  can 
participate  in  water  reduction  to  make  hydrogen.  However,  more 
external  bias  should  be  applied  to  maximize  the  solar-to-hydrogen 
conversion  efficiency.  Thus,  several  metal  oxide  based  PECs  have 
been  combined  with  other  energy  generating  systems  such  as  dye- 
sensitized  solar  cell  or  Si  solar  cell  [27-29].  To  use  a  photoanode  for 
hybrid  tandem  system,  transparency  of  the  photoanode  is  highly 
required  because  relatively  long-wavelength  solar  light  has  to  be 
harvested  by  other  energy  generating  device  located  behind  the 
photoanode.  Therefore,  it  is  obvious  that  the  400  nm  rod  length  is 
suitable  as  a  photoanode  in  the  tandem  cell. 

We  prepared  CdS  coated  Ti02  nanorod  arrays  by  using  two 
different  deposition  methods.  Fig.  2(b)  and  (c)  show  top-view  SEM 
image  of  CdS  nanoparticies  decorated  Ti02  nanorod  arrays  by 
electrodeposition  method  and  by  spray  pyrolysis  deposition, 
respectively.  CdS  layers  grown  by  electrodeposition  method  were 
aggregated  film  on  the  TiC^  top  and  wall  surfaces,  and  well  covered 
on  each  TiC^  nanorod  array.  As  it  can  be  seen  in  Fig.  2(c),  the 
diameters  of  the  composite  nanorod  arrays  increased  from  65  to 
135  nm,  which  corresponds  to  the  film  thickness  of  the  CdS  layers. 
In  the  case  of  CdS  deposited  by  spray  pyrolysis  deposition  method, 
the  Ti02  surface  was  uniformly  covered  with  CdS  nanoparticies, 
with  a  diameter  range  about  12-18  nm  (Fig.  4(c)). 

The  UV/visible  light  absorption  spectra  of  Ti02,  CdS/TiC^ 
samples  coated  by  two  different  methods,  electrodeposition  and 
spray  pyrolysis  deposition,  are  shown  in  Fig.  5.  In  these  data,  the 
Ti02  nanorod  arrays  can  absorb  from  410  nm  wavelength,  which 
corresponds  to  the  bandgap  of  the  rutile  phase  TiC^.  Two  CdS/TiCb 
samples  indicate  different  light  absorption  edges.  The  larger 
particles  of  CdS  prepared  by  electrodeposition  method  can  absorb 
the  longer  wavelength  energy  than  the  CdS  smaller  particles  by 
spray  pyrolysis  deposition  due  to  the  quantum  confinement 
effects  [30,31]. 
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Fig.  4.  TEM  image  (a),  high  resolution  TEM  image  (a,  inset)  SAED  pattern  (b)  of  Ti02  nanorod,  and  TEM  image  of  CdS  particles  deposited  Ti02  nanorod  from  spray  pyrolysis 
deposition  method  (c). 


The  photoelectrochemical  responses  of  Ti02  and  CdS/Ti02 
composite  samples  from  different  deposition  methods  are  shown 
in  Fig.  6.  Hydrothermally  grown  Ti02  nanorod  array  shows  little 
photocurrent  density,  in  which  the  maximum  value  was 
0.03  mA  cm-2  when  the  external  bias  of  0.2  V  vs.  Ag/AgCl  was 
applied.  However,  CdS/Ti02  composite  photoanodes  show  greatly 
increased  photocurrent  values,  where  spray  pyrolysis  is  better  than 


Wavelength  (nm) 

Fig.  5.  UV/VIS  absorption  spectra  of  Ti02  nanorods  (square  symbol),  CdS  nanoparticles 
coated  Ti02  nanorods  from  electrodeposition  (circular  symbol),  and  that  from  spray 
pyrolysis  deposition  (triangular  symbol). 


the  electrochemical  deposition  method.  The  fine  particle  size  of  CdS 
from  the  spray  pyrolysis  deposition  is  considered  the  main  reason 
for  the  superior  photo-responses  regardless  of  their  higher 
bandgap  energy.  In  the  case  of  the  CdS  particles  prepared  from  the 
electrochemical  deposition  method,  the  film  type  morphology 
decreased  contact  area  with  the  electrolyte,  causing  the  ineffective 
split  of  the  excited  electron  and  hole  pairs. 


Fig.  6.  Linear  sweep  voltammograms  of  Ti02  (square  symbol),  Ti02/CdS  deposited  by 
electrodeposition  (circular  symbol),  and  by  spray  pyrolysis  deposition  (triangular 
symbol)  used  as  photoanodes  under  100  mW  cm-2  illumination. 
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Fig.  7.  Current  versus  time  measurements  of  CdS  nanoparticies  coated  Ti02  nanorod 
from  eiectrodeposition  at  -0.2  V  (vs.  Ag/AgCl)  bias. 


The  photocurrent  versus  time  was  examined  to  confirm  stability 
of  CdS  coated  TiC^  nanorod  arrays  as  a  photoanode  under  1  sun 
illumination  (Fig.  7).  During  1  h  measurement,  -0.2  V  (vs.  Ag/AgCl) 
of  external  bias  was  applied  to  the  photoanode.  There  is  no 
significant  photocurrent  degradation  after  about  1  h  illumination, 
showing  good  electrochemical  stability  in  hole  scavenger  electro¬ 
lyte  including  Na2S  and  Na2S03. 

To  make  the  unassisted  water  splitting  system,  CdS/TiC^ 
composite  electrode  was  connected  with  Pt  counter  electrode  of 
dye-sensitized  solar  cell  [32].  Before  making  the  tandem  cell, 
transmittance  spectra  of  the  samples  were  measured  (Fig.  8).  A 
photoanode,  which  is  suitable  for  being  comprised  of  tandem  cell, 
should  be  highly  transparent  at  the  730  nm  wavelength  region  for 
light  absorption  of  dye  molecules.  The  CdS/TiC^  nanocomposite 
materials  from  spray  pyrolysis  deposition  were  shown  36%  of 
transmittance.  A  FTO  glass,  which  is  usually  used  as  a  substrate  in 
the  dye-sensitized  solar  cells,  was  shown  74%  of  transmittance. 
Even  though  36%  of  incident  solar  light  can  reach  the  dye- 
sensitized  Ti02  electrode,  it  could  be  considered  suitable  for 
fabrication  of  PEC/PV  tandem  cell  in  the  view  point  of  current 
matching  between  the  CdS/Ti02  electrode  and  dye-sensitized  TiCb 
electrode. 


Fig.  8.  UV/VIS  transmittance  spectra  of  Ti02  nanorod  (square  symbol),  CdS  nano- 
particles  coated  Ti02  nanorod  from  eiectrodeposition  (circular  symbol),  and  that  from 
spray  pyrolysis  deposition  (triangular  symbol). 


Fig.  9.  The  I-V  curve  of  the  CdS/Ti02  nanocomposite/DSSC  tandem  cell  under 
100  mW  cm-2  illumination. 

In  Fig.  9,  the  photocurrent  response  of  the  PEC/PV  tandem  cell  is 
shown.  The  photoelectrochemical  response  was  measured  in  the  2- 
electrode  system,  counter  and  reference  electrode  were  platinum 
foils,  and  the  photoanode  connected  DSSC  was  the  working  elec¬ 
trode.  The  measured  photocurrent  density  was  approximately 
5.5  mA  cm-2  at  the  zero  bias  potential,  which  indicates  the 
maximum  short-circuit  current  and  the  operating  point  of  tandem 
cell  in  water  splitting  system  without  externally  applied  bias.  The 
photocurrent  value  of  tandem  cell  is  about  1.6  times  higher  than 
that  of  photoanode  at  the  zero  potential. 

4.  Conclusions 

The  visible  light  sensitive  photoanodes  were  successfully 
fabricated  using  CdS  nanoparticies  sensitized  Ti02  nanorod  arrays 
grown  on  FTO  substrate  for  application  of  photoelectrochemical 
cell.  Two  different  ways  of  CdS  deposition,  which  are  electro¬ 
chemical  wet  method  and  spray  pyrolysis  deposition  method,  were 
carried  out  and  their  optical,  photoelectrochemical  responses  were 
investigated.  The  larger  particles  of  CdS  from  eiectrodeposition 
showed  relatively  lower  photocurrent  density  than  that  of  spray 
pyrolysis  deposition.  Therefore,  we  prepared  photoanode/DSSC 
tandem  cell  by  using  a  bipolar  CdS  coated  TiCQ  nanorod  and  Pt 
electrode  connected  with  a  dye-coated  Ti02  electrode  through  an 
iodine/triiodide  electrolyte.  Since  the  tandem  cell  can  be  provided 
with  extra  bias  itself,  we  believe  that  it  can  be  a  promising  way  to 
increase  photocurrent  density. 
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